Insights into the molecular mechanism of glucose metabolism regulation under stress in chicken skeletal muscle tissues  by Liu, Wuyi & Zhao, Jingpeng
Saudi Journal of Biological Sciences (2014) 21, 197–203King Saud University
Saudi Journal of Biological Sciences
www.ksu.edu.sa
www.sciencedirect.comREVIEWInsights into the molecular mechanism
of glucose metabolism regulation under
stress in chicken skeletal muscle tissues* Corresponding author. Address: Department of Biological Sci-
ences, Department of Science and Technology Research, Fuyang
Normal College, West Qing He Road No. 100, Fuyang, Anhui 236037,
China. Tel.: +86 5582596562/18298199628; fax: +86 5582596561.
E-mail address: lwui@163.com (W. Liu).
Peer review under responsibility of King Saud University.
Production and hosting by Elsevier
1319-562X ª 2014 Production and hosting by Elsevier B.V. on behalf of King Saud University.
http://dx.doi.org/10.1016/j.sjbs.2014.01.005Wuyi Liu a,b,*, Jingpeng Zhao ca Department of Biology Sciences, Fuyang Normal College, China
b Department of Science and Technology Research, Fuyang Normal College, China
c Department of Animal Sciences, Shandong Agricultural University, ChinaReceived 11 December 2013; revised 23 January 2014; accepted 26 January 2014
Available online 4 February 2014KEYWORDS
Chicken;
Glucose metabolism;
Energy metabolism;
Molecular mechanism;
Skeletal muscle;
Stress;
Stressor;
Signaling pathwaysAbstract As substantial progress has been achieved in modern poultry production with large-scale
and intensive feeding and farming in recent years, stress becomes a vital factor affecting chicken
growth, development, and production yield, especially the quality and quantity of skeletal muscle
mass. The review was aimed to outline and understand the stress-related genetic regulatory
mechanism, which signiﬁcantly affects glucose metabolism regulation in chicken skeletal muscle
tissues. Progress in current studies was summarized relevant to the molecular mechanism and
regulatory pathways of glucose metabolism regulation under stress in chicken skeletal muscle
tissues. Particularly, the elucidation of those concerned pathways promoted by insulin and insulin
receptors would give key clues to the understanding of biological processes of stress response
and glucose metabolism regulation under stress, as well as their later effects on chicken muscle
development.
ª 2014 Production and hosting by Elsevier B.V. on behalf of King Saud University.
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The objective of modern chicken production with intensive
breeding and farming is to excessively pursue high growth rate
and efﬁcient feed conversion and production yield, which
makes broilers and layers more and more sensitive to the exter-
nal environmental stressors. Many stressors, including temper-
ature, humidity, crowd, immunization, and transportation, are
frequently observed during the processes of chicken feeding
and farming. Most of these stressors could induce acute stress
responses and further reduce the production performance,
health and welfare, quality and quantity of meat products in
the chicken population. Some stressors could increase their
susceptibilities to diseases, resulting in low daily gains and feed
conversion rates. Therefore, it is of importance to investigate
the production mode of stress response, the behavioral and
physiological adaptation, and the mechanism of energy metab-
olism equilibrium in chicken skeletal muscle tissues under
stress.
The concepts of stress were primly proposed by Hans Selye
and Harris in the 1940s, originally referring to the sum of non-
speciﬁc responses of animals to various stimulations (Chrousos
and Gold, 1992; Szabo, 1998; McGrowder and Brown, 2007;
Tache and Brunnhuber, 2008; Chrousos, 2009; Szabo et al.,
2012). Chrousos (2009) suggested that stress comprises a long
list of potentially adverse forces acting on animals that could
be classiﬁed as emotional or physical situations. Stressor con-
stantly challenges the dynamic equilibrium of the living organ-
ism (i.e. homeostasis), which is maintained in complex adverse
states as mentioned by many researchers (Tache and Brunnh-
uber, 2008; Chrousos, 2009; Szabo et al., 2012). In order to
ﬁnd out the underlying regulatory mechanism or pathway in
which stress affects avian growth and development, researchers
investigated the possible roles of stressor-simulated glucocorti-
coid in chicken. A number of studies showed that stress simu-
lated by blocking glucose could regulate the function of broiler
chicken corticosteroids, and signiﬁcantly affect their glucose
metabolism and muscle development (Duclos et al., 1993;
Kono et al., 2005; McGrowder and Brown, 2007). The increas-
ing of glucose transportation across cellular plasma membrane
in chicken skeletal muscle tissues by insulin treatment sug-
gested that there existed an alternative mechanism of insulin-
responsive glucose transportation (Chrousos and Gold, 1992;
McGrowder and Brown, 2007; Szabo et al., 2012). Insulin at
a deﬁnite level could stimulate glucose uptake by target tissues
through speciﬁc glucose transporters (GLUTs) (Duclos et al.,1993; Kono et al., 2005; McGrowder and Brown, 2007). Insu-
lin-dependent glucose uptake in muscle tissues is largely med-
iated by the translocation of glucose transporter GLUT4 from
the intracellular storage site to the plasma membrane. As a ﬁ-
nal effecter of the hypothalamic–pituitary–adrenal axis, gluco-
corticoid (GC) participates in controlling the whole body
homeostasis and stress responses. Meanwhile, AMP-activated
protein kinase (AMPK), another important energy regulator
and/or sensor, plays a major role in coordinating the energy
metabolism equilibrium, especially glucose metabolism regula-
tion (Hardie et al., 1998, 1999, 2003; Hardie, 2007; Leclerc and
Rutter, 2004; Xue and Kahn, 2006; Bungo et al., 2011; Dou-
star et al., 2012).Coupled with Activating Peroxisome Prolifer-
ator-Activated Receptors (mainly gamma subtypes), AMPK
could affect the glucose uptake mediated by the plasma mem-
brane translocation of glucose transporter GLUT4 in mice
C2C12 cells (Kim et al., 2013). As an established model ani-
mals similar to mouse, chicken are relatively highlighted in
body temperatures, blood sugar and lipid levels, plastic muscle
development, and rapid metabolism regulation, which is
important for understanding the processes of diabetes and
obesity and other pathogenesis (Ngondi Judith et al., 2007;
Shankaraiah et al., 2010; Harisa, 2011). This review focuses
on chicken cellular glucose metabolism regulation and adapta-
tion mechanism under stress.
2. Stress might block chicken skeletal muscle development
via glucose metabolism regulation
Animal muscle ﬁbers can be divided into three categories, i.e.
slow contraction oxidized (type I), fast-twitch oxidative (type
IIA) and fast-twitch glycolytic (type IIB), according to their
metabolic and genetic properties (Carver et al., 2001). It was
thought that these three muscle ﬁber types could be trans-
formed into each other under stress through blood metabolism
and glycolytic pathways (Zhang et al., 2009). It was reported
that stress on chicken could increase their muscle glycogen res-
ervation, glycolysis capabilities, and induce the issues of defec-
tive chicken meat, i.e. PSE (pale, soft, exudative) (Carver et al.,
2001; Urdaneta-Rincon and Leeson, 2002; Gao et al., 2008;
Zhang et al., 2009). Moreover, stress might also promote the
deposition of fat and intramuscular fat content by the release
of glucocorticoids in chick muscle tissues (Wang et al., 2010).
Stress by the regulation of hypothalamic–pituitary–adrenal
axis prompted high levels of glucocorticoid release
(Urdaneta-Rincon and Leeson, 2002; Hatzivassiliou et al.,
Insights into chicken glucose metabolism regulation under stress 1992010; Wang et al., 2010; Hara et al., 2011). It was reported that
exogenous glucocorticoid treatments reduced broiler’s body
and carcass weight too (Tankson et al., 2001). The declinations
of chicken growth and development rates were also related to
the stress-induced protein degradation and gluconeogenesis
metabolism (Tankson et al., 2001; Lin et al., 2004a, 2004b).
Stress could change the carcass composition of broiler
chicken too. Its inhibitory level in broiler chicken skeletal mus-
cle tissues was high (Lin et al., 2006). Stress decreased the mus-
cle ﬁber diameter or cross-sectional area resulting in muscle
atrophy too (Zhang et al., 2009). The change of muscle cellular
energy metabolism (especially glucose metabolism) was an-
other important cause of stress response and muscle stunting.
It was shown that the cellular energy was set off in the form of
heat dissipation relevant to the stress-induced uncoupling pro-
tein expression (Lin et al., 2004a,b). Moreover, it was reported
that exogenous glucocorticoid treatment could signiﬁcantly
improve the broiler chicken feed consumption due to decreas-
ing feed conversion rates (McGrowder and Brown, 2007;
Wang et al., 2010).
In fact, the stunting of chicken skeletal muscle growth is
mainly caused by the changes of nutrient elements (such as glu-
coses and essential amino acids) and their intakes and distribu-
tion states, which are primarily related to the glucocorticoid-
induced insulin resistance (Dong et al., 2007; Yuan et al.,
2008; Wang et al., 2010; Cai et al., 2009, 2011; Song et al.,
2011). The role of insulin is to control the balance of nutrient
supply and demand, such as glucose transport, glycogen syn-
thesis, amino acid transport and protein synthesis, and control
of fat synthesis enzymes, so as to regulate the body’s metabo-
lism equilibrium. In human, when the biological function of
insulin endocrines occurred to be resisted or impaired, a series
of metabolic diseases would be triggered, including type 2 dia-
betes, glucose intolerance, obesity, dyslipidemia, and hyperten-
sion, etc. (Song et al., 2011; Arner et al., 2011; Ichimura et al.,
2012). In chicken, many studies showed that the glucocorticoid
treatment could induce insulin resistance, i.e. hyperglycemia
and hyperinsulinemia (Lin et al., 2006). Many experimental re-
sults demonstrated and supported the correlation between the
insulin resistance induced by glucocorticoid and the suppres-
sion of chicken skeletal muscle development too.3. Regulation of glucose metabolism by the interaction of glucose
transporter (GLUT) with AMPK and insulin signaling under
stress
AMPK is an important phosphorylated protein kinase com-
posed of subunits a, b and c, playing a major role in coordinat-
ing the energy metabolism equilibrium (Ferrer et al., 1985;
Hardie et al., 1998, 1999). Once activated, AMPK will enhance
the insulin sensitivity, increase the glucose uptake and fatty
acid oxidation in skeletal muscle tissues. However, AMPK is
usually activated by the AMP alteration, i.e. the ATP ratios
in response to energetic stress (Hardie et al., 1998, 1999,
2003; Hardie, 2007). AMPK can induce the ATP-generating
catabolic pathways, including glucose metabolism and fatty
acid oxidation, while inhibiting the ATP consuming anabolic
pathways (Hardie et al., 1998, 1999, 2003; Hardie, 2007).
The activity of AMPK is mainly regulated by nutrient elements
(e.g. glucose and fatty acid), hormones, calcium, metformin,
and stress (Leclerc and Rutter, 2004; Xue and Kahn, 2006;Hardie, 2007; Bungo et al., 2011; Doustar et al., 2012). Under
stress, AMPK coordinates these nutrient elements and regula-
tory signals through the phosphorylation of numerous molec-
ular targets (i.e. TSC2, raptor, ribosomal kinase S6K1 and
eukaryotic initiation factor eIF4E binding protein 4E-BP1) in-
volved in ATP-generating and consumption and glucose up-
take and subsequent utilization by cells (Xue and Kahn,
2006). AMPK is responsible for the gene expression regulation
and plasma membrane translocation of exercise-induced
GLUT4 in animal skeletal muscle tissues. Recent studies found
that another transcription factor protein, named TORC2, also
plays key roles in the regulation of hepatic glucose metabolism.
The activation of AMPK could enable the phosphorylation
and inhibit the dephosphorylation of TORC2 by retention in
cytoplasm. With the react of AMPK activation, the expression
of sugar generating enzyme is blocked and the sugar produc-
tion is decreased accordingly (Thomas-Delloye et al., 1999;
Leclerc and Rutter, 2004; Yavari, 2008; Treebak et al., 2009;
Magnoni et al., 2012). AMPK promotes cellular glucose up-
take in peripheral tissues in the following two steps (Tho-
mas-Delloye et al., 1999; Watson and Pessin, 2001; Tomas
et al., 2002; Yavari, 2008; Treebak et al., 2009; Magnoni
et al., 2012). First, AMPK induced the glucose transporter 4
(GLUT4) to the serosal transfer. Then, the gene expression
of GLUT4 was started with the phosphorylation of transcrip-
tion factor protein TORC2. Although the activation of AMPK
is required for AICAR (a kind of drug) induced glucose uptake
in skeletal muscle tissues, the activation of AMPK is not sufﬁ-
cient to increase glucose transport. The mutant of AMPK sup-
pression type could completely inhibit the AICAR induced
glucose uptake and only partially hold back the glucose uptake
stimulated by muscle contraction (Thomas-Delloye et al.,
1999; Watson and Pessin, 2001; Tomas et al., 2002; Yavari,
2008; Treebak et al., 2009; Magnoni et al., 2012), which sug-
gested AMPK could induce glucose uptake by part of the reg-
ulatory information in muscle contraction.
Another important glucose metabolism regulator is the
insulin hormone. Glucose metabolism disorder is usually re-
garded as the direct remote cause of the development block
of chicken muscle tissue under stress, especially in broiler
chicken. The chicken plasma insulin concentration of chicken
is similar to that of mammals except for a higher glucose con-
centration condition (Braun and Sweazea, 2008; Simon et al.,
2011). This suggests chicken are probably insensitive to the
insulin release and chicken insulin releasing levels should be
regulated in a different signaling pathway. A large number
of glucocorticoid and insulin secretions are released under
stress, as well as the re-mobilization and allocation of body
nutrient elements would be activated or regulated. Glucose is
the most important energy nutrient for cellular activities. As
the insulin resistance of broiler chicken occurs under stress,
the glucose metabolism obstacles are all promoted, coupled
with changes in muscle glycogen, lactic acid, and ATP enzyme
contents (Gao et al., 2008). This is an important reﬂection that
stress response suppresses the skeletal muscle growth and
development of broiler chicken. Ewart et al. (1998) reported
that the expression levels of chicken glucose transporter pro-
teins (i.e. GLUT1, GLUT4) processed by dexamethasone
(DEX) were increased by 68% and 94% in L6 skeletal muscle
cells respectively (Ewart et al., 1998; Kono et al., 2005). It was
also found that corticosterone (CORT) promoted the glucose
uptake and glycogen synthesis in broiler chicken skeletal
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that the glucocorticoid endocrine alone might contribute to
chicken muscle glucose transporter (Zhao et al., 2009). In
mammals, the role of insulin in promoting glucose transporter
is directly related to the stimulation of GLUT 4 and encour-
aged shifts of GLUT 4 from the cytoplasm to the cell mem-
brane. In chicken, however, it was found that insulin
treatments signiﬁcantly increased the in vivo and/or in vitro
glucose transmembrane transports in skeletal muscle tissues
despite lacking GLUT 4 homolog (Ewart et al., 1998; Tokushi-
ma et al., 2005; Zhao et al., 2009). These results indicated there
might be a different insulin-responsive glucose transporter
mechanism in chicken muscle tissues (McGrowder and Brown,
2007). Zhao et al. (2009) found that corticosterone could inhi-
bit the role of insulin in the glucose uptake in broiler chicken
skeletal muscle tissues. Similarly, Buren et al. (2008) reported
that the glucose uptake and glycogen synthesis rates of tackle
muscle in insulin-stimulated muscle and soleus muscle were de-
creased by 30–70% with DEX treatments in rats. However, it
is not clear yet whether this phenomenon is related to the glu-
cose metabolism regulation.4. Pathways concerning the glucose metabolism regulation
promoted by insulin and insulin receptors in chicken skeletal
muscle tissues
In mammals, the binding of insulin molecule to its receptor
(IR) would induce the tyrosine autophosphorylation to
activate two primary signal transduction pathways, i.e.
PI3K/Akt/mTOR (or Ras/PI3K/Akt/mTOR) pathway and
MAPK ERK1/2 pathway (Fig 1; mTOR is the abbreviation
for mammalian target of rapamycin). In the PI3K/Akt/mTOR
pathway, the changed tyrosine protein kinase is active so thatFigure 1 The sketch map of cellular pathways related to stress, ene
glucose metabolism regulation in skeletal muscle tissues. Note: The
starvation, extra-cellular components, growth factors and hormone
pathways.it can stimulate the combination or aggregation of the insulin
receptor substrate 1 (IRS-1) with the SH2 domain of the P85
subunit of the phosphatidylinositol-3 kinase (PI3K). It was re-
garded that the changed tyrosine protein kinase could relate to
the regulation of some growth factors and hormones, such as
FGF and VEGF (Fig 1). Accumulating evidences revealed that
diverse signaling molecules, including PI3K and the serine/
threonine kinase Akt2, could exert important roles in insulin
signaling and glucose uptake. However, evidence for this path-
way regulating glucose uptake and metabolism is still lacking
in avian species and the underlying mechanism remains to be
clariﬁed in chicken and other birds (Sweazea and Braun,
2005, 2006; Buren et al., 2008; Zhao et al., 2009). For instance,
experiments on the England sparrows (Passer domesticus)
showed that the insulin antagonistic phenomenon of glucose
uptake was unclear, while the typical effectors or inducers of
the mammalian insulin pathway and contraction-responsive
pathway had no effect on glucose transport in the bird’s skel-
etal muscle tissues (Sweazea and Braun, 2005, 2006).
The MAPK ERK1/2 pathway is more complicated than the
PI3K/Akt/mTOR pathway. It could initiate the cellular
expression of some important nuclear target genes. Three pos-
sible activating steps might occur in the MAPK ERK1/2 path-
way, similar to p38 kinase in the MEKK and JNKK pathways
(Fig 1). First, the activation of the MAPKKK kinases (RAF)
causes the phosphorylation and the activation of MAPKK ki-
nase (MEK1/2); second, the activation of MEK1/2 may acti-
vate the MAPK ERK1/2 signaling transduction pathway by
dual phosphorylation of the threonine and tyrosyl acid resi-
dues; ﬁnally, the MAPK ERK1/2 pathway regulates the
expression of important genes, including some genes of the
PI3K pathway, and controls the muscular cell growth and dif-
ferentiation (Hatzivassiliou et al., 2010). The role of MAPK
ERK1/2 pathway in chicken had already been recognizedrgy regulation, and small molecular components derived from the
ﬁgure shows the simpliﬁed relationships among stress, energy
s, protein kinases (such as AMPK and MAPK), and signaling
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et al., 2008). ERK2 was the only detected phosphorylated
monomer in avian tissues (Dupont et al., 2004; Duchene
et al., 2008). After the insulin treatment in vitro, the MAPK
ERK1/2 pathway was activated in chicken myoblasts and
LMH cells (Dupont et al., 2004; Duchene et al., 2008).
U0126 is one of the inhibitors in MAPK ERK1/2 pathway.
It could completely deter the insulin-induced S6K1 phosphor-
ylation and block the S6K1 activity of chicken myoblast cells
in vitro. These deterring and blocking effects indicated that
insulin might control the activity of S6K1 kinase in avian cells
through the ERK2 MAPK pathway (Dupont et al., 2004;
Duchene et al., 2008). By balancing the insulin with immune
reagents, the level of MAPK ERK2 phosphorylation was sig-
niﬁcantly reduced in chicken liver and muscle tissues (Dupont
et al., 2004; Duchene et al., 2008). However, the role of MAPK
ERK2 pathway for in vivo chicken insulin regulation still needs
more investigation. This signaling pathway may be very
important in chicken growth and development, since the sig-
naling transduction factor Shc is located upstream in the
MAPK ERK1/2 pathway. Therefore, the MAPK ERK1/2
pathway might be involved in the insulin-dependent adjust-
ment of glucose metabolism.
5. Conclusion
The present work was designed to outline recent progress in
the study on possible molecular regulatory mechanism of glu-
cose metabolism regulation under stress in chicken skeletal
muscle tissues. The elucidation of currently concerned mole-
cules and pathways regulating chicken glucose metabolism
would give important clues to the understanding of biological
processes of stress response and energy metabolism regulation
under stress. Further in-depth studies should provide more in-
sights into these issues and the corresponding ways to reduce
stress harm.
6. Additional remarks
In this review, we tried to get insights into the stress-related ge-
netic regulatory mechanism and summarized key pathways
promoted by insulin and insulin receptors regulating glucose
metabolism, as well as their effects on chicken skeletal muscle
development. Furthermore, how will the glucose metabolism
be changed and regulated in the chicken skeletal muscle under
stress? In mammals, skeletal muscle is one of the primary
important organs for glucose uptake and subsequent utiliza-
tion and functions of the insulin pathway are carried out
through insulin receptors and their substrates (IRS-1 and
IRS-2) in order to promote the glucose transport, glycogen
and protein synthesis (He et al., 2012). There were some evi-
dences showing that the glucocorticoid hormone was involved
in the upstream regulation of mammalian insulin signaling
pathway too. For example, DEX was able to reduce the pro-
tein concentration of IRS-1 and its insulin-induced tyrosine
phosphorylation levels (Ewart et al., 1998; He et al., 2012),
which resulted in the decrease of the insulin-induced PI3K
activity (associated with IRS-1) and the inhibition of the intra-
cellular or cellular insulin signaling pathway. Glucocorticoids
could reduce the expression of protein kinase B (PKB), theinsulin-mediated phosphorylation, and the phosphorylation le-
vel of glycogen synthase (GS) (Ruzzin et al., 2005). Therefore,
the glucocorticoid-induced insulin resistance was regarded as
being related to the inhibition of insulin signaling pathways
(such as PKB/AKT and PI3K/mTOR pathway) in mammals
(Wang et al., 1999; Ruzzin et al., 2005; Mussig et al., 2005).
The corticosterone (CORT) treatment could lower the expres-
sion of IRS substrate protein and reduce the Insulin Receptor
(IR) related activity of PI3K in chicken (Dupont et al., 1999;
Mussig et al., 2005). In fact, the insulin signaling pathway
and glucose metabolism regulatory mechanism in avian skele-
tal muscle tissues were not the same as those of mammals (Du-
pont et al., 2004, 2008). The avian insulin promoted glucose
uptake capacity was relatively high, which shows that the
expression level of p85 subunit and IRS-1 substrate protein
in chicken skeletal muscle tissues is higher than that in rat (Du-
pont et al., 2004, 2008). Similarly, the mRNA levels of insulin
receptor, IRS-1 substrate protein, and the p85 subunit were
also signiﬁcantly higher in chicken skeletal muscle than that
in rat (Dupont et al., 2004, 2008). The tyrosine phosphoryla-
tion levels of insulin receptor and IRS-1 in chicken are twice
those in rat in the basic substrate energy metabolism status,
while the PI3K activity in chicken was 30 times that in rat (Du-
pont et al., 2004, 2008). In addition, it was recently demon-
strated that the Rho family GTPase Rac1 had a critical role
in insulin-dependent glucose uptake in myoblast cell culture
(Nozaki et al., 2012). Further elucidations of these issues
would be much helpful to fully reveal the mechanism of
glucose metabolism regulation in avian skeletal muscle tissues
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